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Abstract
Seagrass meadows offshore Ras Ghanada, as elsewhere, are an important component to
the ecosystem providing numerous benefits to both aquatic and human life. This work
focused on mapping the spatial and temporal distribution of seagrass meadows offshore
Ras Ghanada using aerial photography acquired in 1996 and high-resolution satellite
images captured in 2006 and 2012. The movements of sand shoals were also tracked, so
as to further explain the dynamics of this ecosystem, as it is the area between the shoal
crests that hosts the best developed seagrass meadows. The natural limiting factor for
seagrass on the Ras Ghanada coastal shelf seems to be the fact that they cannot inhabit
the (mobile) crests of the sand shoals, but rather, are restricted to the (more stable) sands
of the shoal troughs. In the considered time period, both sand shoals and seagrass
meadows migrated predominantly in a southeastern direction. The changes of seagrass
that occurred in this study occurred on a fairly rapid timescale, in such that they were
able to come back when there was disturbance as long as they had available habitat to
move into. Furthermore, although seagrass cover declined by 3.4% from 1996 – 2012,
there was a greater increase than decline in the areal coverage of seagrass post-Khalifa
port construction in 2010. If sediments offshore Ras Ghanada can remain stable and the
waters are not polluted by further construction, seagrasses should continue to thrive in the
future.
Keywords: Remote Sensing, Ras Ghanada, Abu Dhabi, Seagrasses, Sand shoals,
Seagrass Migration, Sand Shoal Migration, Khalifa Port
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1. Introduction
Seagrass is the only marine flowering plant. Favoring soft sediment in shallow
coastal waters, seagrass grows to form dense meadows reminiscent of terrestrial grasses.
Unlike algae, seagrass has a complex root system, which effectively stabilizes sediments,
aids their retention, and for this reason, seagrass, as for coral, can be classified as an
“ecosystem architect”.
In the Arabian Gulf as elsewhere, seagrass meadows are an important component
of the ecosystem. They accumulate nutrients and provide shelter for many juvenile fish
species, including several commercially important invertebrate species such as pearl
oysters and shrimp (Sheppard et al., 2010). In the Gulf, the meadows also act as a food
source for critically endangered green turtles and dugongs (Bjork et al., 2008), though it
should be noted that while the former has been observed in the study area in recent years,
the latter have not (Purkis, pers. comm.).
This study will consider the extensive and dense seagrass meadows that inhabit
the shallow coastal shelf offshore Ras Ghanada, Emirate of Abu Dhabi (U.A.E.) (Fig. 1).
These seagrass meadows are of particular conservation value as are situated adjacent to
the most diverse and undisturbed stretch of coral reef in the southwest Gulf (Riegl et al.,
2010; Sheppard et al., 2010; Riegl and Purkis, 2012).
The entire coastline of the U.A.E. has been subject to massive coastal
construction and Ras Ghanada is no exception. Here, construction of the Khalifa Port
(Fig. 2) began in 2008, was completed in 2010 and the facility is now fully operational.
The port is situated just 2 km west of the dense seagrass area examined in this thesis.
Prior to work commencing on the port, an 8 km long breakwater was constructed which
later served to shelter the seagrass area and associated reef from much of the sediment
lofted through dredging (Denton-Brown, 2012). Furthermore, so as to not impede longshore current flow, the port was constructed offshore and connected to land via two 1 kmlong bridges. Benefiting from these design elements, the studied seagrass meadows were
not destroyed by the construction, as has often been the case for many coastal
augmentation projects in the region (Purkis, pers. comm.). Despite surviving the port’s
construction, threats to the Ras Ghanada seagrass area primarily remains in the form of
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local factors such as decreased water quality associated with operation of the facility,
pollution from shed ballast water, and so on.
The studied seagrass meadows inhabit bathymetric lows created by a complex of
shore-parallel sand shoals that prograde seaward from the headland of Ras Ghanada (Fig.
3). Situated as such, it is assumed that the migration of the shoals through time might be
relevant to the seagrass dynamics in the area.
By utilizing a time-series of remote sensing data spanning 1996-2012 and
consisting of vintage aerial photography and modern satellite data, this thesis sets out to
answer the following four aims.
•! First, to create accurate maps of seagrass distribution from remote sensing data
acquired in 1996, 2006 and 2012.
•! Second, to compare these seagrass maps to understand the temporal dynamics of
the Ras Ghanada meadows.
•! Third, to relate the temporal dynamics of the seagrass to movement of the
associated complex of sand shoals.
•! Fourth, to contrast the temporal dynamics of the Ras Ghanada seagrass meadows
to meadows elsewhere in an effort to distinguish rates of natural change from
anthropogenic change.
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Fig. 1 (a) Location map of Ras Ghanadah, (b), 1996 aerial photography, (c), 2006 QuickBird-2
satellite image and (d) 2012 WorldView-2 satellite image.

!

8!

Fig. 2 Khalifa Port located 2km west of Ras Ghanada.
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Fig. 3 (a) 2012 sand shoal complex off the coast of Ras Ghanada. (b) Close-up of
sand shoals and seagrass that resides in the troughs.
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2. Methods
2.1 Imagery employed in the study
Three types of remote sensing imagery are used in this study. The 1996 data
consist of a pair of digital color aerial photographs captured with a spatial resolution of
10.3 sq. m. While the source of these photographs is unknown, the associated metadata
reveal them to have been acquired on Sept. 30th, 1996. The 2006 and 2012 imagery were
both acquired via DigitalGlobe satellites. The former was acquired by QuickBird-2 on
July 4, 2006 with a spatial resolution of 2.4 sq. m and the latter by WorldView-2 on
August 20, 2012 with a spatial resolution of 2.0 sq. m.
A fundamental difference between the 1996 aerial photographs and the satellite
imagery is that although they were captured as true-color across three spectral bands (red,
green, blue), these bands are not spectrally calibrated. The upshot being that spectral
measurements made on the ground could not be related to the brightness values of the
pixels in the photographs, as can be achieved, for example, with DigitalGlobe satellite
data. This limitation does not curb this study, however, since, with reference to abundant
ground-truth data, seabed character could be adequately discerned on the basis of analysis
of the relative brightness signatures between the bands of the aerial photographs and
satellite imagery.
Since the absorption of light by water increases exponentially with wavelength,
the shortest available bands in the three remote sensing datasets were used for mapping.
For the 1996 aerial photographs and the 2006 QuickBird data, these were the visible
spectrum red, green and blue bands. For the WorldView-2 satellite, the successor to the
now decommissioned QuickBird, a short wavelength blue band was added, which
because of its enhanced water penetration, was used in lieu of the traditional blue band.
Hence, seabed character was mapped in the 2012 WorldView-2 image using the coastal
blue, green and red bands.
The remote sensing data were mosaicked using ArcGIS10.2.1 (Environmental
Research Systems Institute, Redlands, CA). Since the 2012 WorldView-2 image was the
least extensive, the 1996 and 2002 data were clipped to the scope of this image to yield a
final dataset consisting of three time-separated images with a common extent.
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2.2 Georeferencing the Imagery to a Common Coordinate System
!
Whereas the spatial resolution of the 1996 photographs is excellent, they were
acquired without the benefit of modern positioning technologies such as the Global
Positioning System (GPS) and as a result suffer from geo-positioning inaccuracies. Such
inaccuracies can be corrected via georectification, a transformation process used to
project an unpositioned (or poorly positioned) historical image onto a known coordinate
system. This procedure involves pairing the archive data with a well-positioned satellite
image and selecting points on the ground common to both. These locations become
reference points in the subsequent warping of the unpositioned image onto a coordinate
system.
The 2012 WorldView-2 image, the most modern data employed in this study, has
the most precise geopositioning and for this reason was used as the reference against
which the 1996 and 2006 images were aligned. All images were projected to the
Universal Transverse Mercator (UTM) coordinate system (Zone 40N) with WGS 1984 as
the datum using ArcMap. The rectification process utilized both natural (i.e. fields,
mangrove patches) and constructed points (i.e. roadways and other manmade structures),
which were positioned throughout the image. In order to construct the most accurate map,
13 shared points were produced for the 1996 aerial photo (Fig. 4) and 20 points were
generated for the 2006 satellite image (Fig. 5).
Georectification of the time-separated remote sensing scenes is an inexact process
and positioning errors in the warped images will be present. A standard way of
quantifying such offsets is the root mean square error (RMSE), which is calculated as the
square root of the offset between the position of each point as placed on the image which
is correctly positioned (i.e. the 2012 WV-2 scene), versus geographic position of the
same set of points, as extracted from the images which have been warped (the 1996 and
2006 aerial photographs). The accuracy of the rectifications, as quantified by RMSE, was
recorded for both the 1996 and 2006 images (Table 1). With reference to this record, the
RMSE was employed as a measure of rectification accuracy, which, in turn, could be
used as a threshold above which a shift in the position of a seagrass meadow through time
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could be identified as a true migration, as opposed to arising from an artifact of image
positioning.

Fig. 4 A total of 13 shared points between 1996 and 2012 were utilized in order to
reference the 1996 aerial image into a geographic coordinate system.
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Fig. 5 Although the 2006 QuickBird image was already georeferenced, a total of 20
points shared between it and the 2012 data were used to conduct an additional warping
such that the two datasets were better registered to one another.

Table 1. The accuracy of the georectification process for both the 1996 and 2006
images were recorded as the RMSE.

Year

!

1996

2006

Number of Points

13

20

RMSE

3.72m

1.42m
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2.3 Criteria for Delineating Seagrass Meadows in the Time-Separated Imagery
To ensure that the seagrass meadows were systematically and reliably delineated
in the time-separated imagery, several criteria were followed. Ground-truth points,
consisting of geo-located photos and videos collected in 2008, were assembled for both
seagrass and macroalgae. Seagrass meadows were classified as sparse or dense in the
ground-truth data, which further aided in the differentiation of habitat (Fig. 6). Additional
criteria were taken into consideration along with the ground-truth points in order to make
the most reliable delineation of seagrass meadows.
Two properties of how seagrass meadows are represented in visible-spectrum
satellite imagery aid in their reliable delineation. First, save for algal meadows, the
spectral response of seagrass is typically distinct from other common biota, and
particularly so for sand, which is highly reflective (Fig. 7). Second, areas of seagrass
possess a distinct texture and are characterized by crisp transitions into sand at the
perimeter of the meadows. Macroalgal meadows, by contrast, which, because of their
chlorophyll content are spectrally inseparable from seagrass, display gradual, so called
‘fuzzy’, transitions into sand (Fig. 8). Delineation of seagrass meadows in the remote
sensing scenes capitalized on these differences and, on the basis of cross-comparison
with the available ground-truth data, was reliably accomplished.
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Fig. 6 (a) Ground-truth points via photos and videos from 2008 were utilized as an aid for accurate seagrass
delineation. The map was broken into 3 different zones to help show further detail between areas of
seagrass (Halophila) versus macroalgae (b,c and d).
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Fig. 7 Spectral reflectance of four different substrates including sand shoals and seagrass
meadows evaluated just beneath (solid lines) and just above the water surface (broken
lines) using two different instruments. Looking at the data acquired below the water, in
the shorter wavelengths of blue (450nm - 495nm) and green (495nm - 570nm), shows
both seagrass and coral absorb light as a product of having chlorophyll; bare sand is the
opposite, exhibiting increased reflectance with increasing wavelength. Therefore,
utilizing data from satellite imagery within these same wavelengths to look at seabed
characteristics is a reliable method for delineating between the different habitats of
seagrass meadows and sand shoals. Reproduced from Purkis (2005) with permission
(originally published in IEEE Transactions on Geoscience and Remote Sensing,
http://www.nova.edu/~purkis/papers/Purkis-IEEE-2005.pdf.

!

17!

Fig. 8 2012 Worldview-2 image. Black squares denote areas of algae and/or areas of
sparse seagrass mixed with microbial mats, red squares denote clear dense patches of
seagrass.
!
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2.4 Delineating the Seagrass Meadows and Sand Shoals in the Remote Sensing
Imagery
!
A prerequisite for quantifying the shift of seagrass meadows through time is their
accurate delineation in the remote sensing data. To this end, each remote sensing scene
was loaded into ArcMap and the boundaries of the seagrass meadows were manually
digitized (Fig. 9). For each scene, the vectors describing the meadows were exported in
shapefile format for display in GIS, and as 1-bit binary rasters (with values of 1 for the
meadows and 0 for everything else) for input into the change detection algorithm. The
identical workflow was used for delineation of the position of the sand shoals in the timeseparated images.
Whereas the spatial resolution of the 2012 satellite imagery is 2 sq. m, the 1996
imagery, which has a resolution of 10.3 sq. m, is considerably coarser. For this reason,
very small patches of seagrass that could be identified in the recent satellite imagery
would not be resolved in the archive aerial photographs. To prevent artifacts arising from
this mismatch, the digitization of seagrass from the 2012 image was filtered and patches
with areas < 89 sq. m2 were discarded from further analysis (Fig. 10).
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Fig. 9 Sand shoals (tan) and seagrass cover digitized in ArcMap for (a) 1996 (black), (b) 2006 (green) and (c) 2012 (red) time
frames.
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Fig. 10 Seagrass delineation from 1996 – 2012 of a small area (a) showing the
improved resolution of imagery through time. The 1996 aerial image (b) is compared
with the same area (c) which shows the delineation of seagrass meadows in black. The
2006 QuickBird-2 satellite image (d) is compared with the same area (e) which shows
the delineation of seagrass meadows in green. The 2012 WorldView-2 satellite image (f)
is compared with the same area (g) which shows the delineation of seagrass meadows in
red; patches smaller than 89m2 were omitted, as they would not be visible or comparable
in the other two images.
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2.5 Use of a Spatial Reference to Assess Habitat Migrations
!
The position and patterning of seagrass meadows vary through time by migrating
across their landscape in a reaction to sedimentary and environmental processes (Cruz,
Purkis & Riegl, 2006). In order to quantify these migrations, the central topic of this
thesis, it was necessary to develop a spatial reference against which habitat shifts could
be measured. The reference selected for this purpose was the 1996 position of the
seaward termination of the shallow coastal shelf of Ras Ghanada (Fig. 11). For each of
the three time periods examined, points were manually placed along the perimeter of the
polygons delineating both seagrass habitat and sand shoals, and the minimum distance
between these points and the spatial reference computed using ArcMap. Relative shifts in
habitat position were calculated as changes in minimum offset distance between the
habitat polygons and the reference line for sets of sand shoals and seagrass meadows that
could unequivocally be identified in the 1996, 2006 and 2012 remote sensing imagery.
This procedure yielded 176 measures of migrating areas of seagrass and 97 measures for
sand shoals (Table 4, Table 5).
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Fig. 11 The 2006 satellite image (a) shows the same spatial reference line, present in all
three images, which outlines the seaward termination of the shallow coastal shelf of Ras
Ghanada and delineates between the shallow shelf and deeper water offshore. A
magnified area (b) shows the individual points which denote the edge of each individual
seagrass polygon. The pairs of points in this map (c) were used to calculate the migration
distance, and direction of migration relative to north, of the seagrass meadows in the time
period 1996 to 2006.!

!

24!

2.6 Visualizing Habitat Shifts in the Time-Separated Imagery
!
In order to visualize the habitat shifts between the 1996, 2006 and 2012 imagery,
graphical representations were developed by analyzing the extracted seagrass and sand
shoal rasters in the software MATLAB (V. R2012a, MathWorks Inc.). A five-step
process was used for each comparison of habitat from 1996 – 2006 and 2006 – 2012.
Whereas the following example is developed using the 1996 - 2006 time step, the same
protocol was adopted for the complete dataset (see Appendix A for the MATLAB code).
First, the 1996 and 2006 seagrass meadow 1-bit rasters were imported into
MATLAB. Second, using matrix arithmetic, the 2006 data was subtracted from the 1996
data in order to create a product that captured the areas of change in position of the
meadows from 1996 – 2006. When portions of a seagrass meadow were present in 1996,
but absent in 2006, it either shifted position, or changed size, and therefore the term
“shrink” was used. In contrast, when a seagrass meadow appeared in 2006, but did not
exist in the 1996 data, it was either shifting or getting larger and therefore the term
“growth” was used. Third, a new matrix was created in order to visualize the distance
moved by the seagrass meadows between 1996 and 2006. By adding 1’s into the matrix
to signify seagrass edges and 0’s everywhere else, the boundaries of seagrass polygons
could be detected within this new distance matrix and furthermore utilized to create
figures representing not only the areas where shrinkage and growth of the meadows were
occurring but also their migration through time. The same processes were replicated to
create the growth distance matrix. Fourth, the raster was visualized using a color ramp
with hot colors signifying areas of growth and cool colors for areas of shrink. Fifth, the
boundaries of all polygons for the 1996 and 2006 images were outlined in white and
black, respectively, in order to further aid in visualizing the data. Graphed as such,
polygons without any color fill represent seagrass meadows that did not change in
position or pattern between the time-separated images.
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2.7 Possible Sources of Error in Delineation of Seagrass Meadows and Sand Shoals
!
Two possible sources of error can arise within this study. First, the rectification of
both the 1996 aerial mosaic and the 2006 QuickBird-2 imagery are liable for inaccuracies
arising from inconsistent spatial registration - error quantified using RMSE. While the
vintage aerial photographs have no geospatial reference and require rectification, the
2006 image, although having been spatially positioned, needed further adjustment so as
to create an improved alignment with the 2012 WorldView-2 image. If errors exist in
these rectifications, it might lead to misrepresentations in the position of the seagrass and
sand shoal habitats during digitization and furthermore, skew the calculation of habitat
shift. Spatial errors were minimized as much as possible, especially as the more accurate
2012 WorldView-2 imagery, undergoing constant global positioning checks with imagery
boasting a geolocation accuracy of ≤ 3m, was utilized as a reference to which the 1996
and 2006 imagery were aligned.
A second source of error might arise from the delineation of seagrass habitat and
sand shoals within the 1996 aerial imagery. The differentiation of where one habitat
ended and the next one began was sometimes challenging because of the presence of sun
glint in one small area (Fig. 12). Glint occurs when sunlight reflects off the surface of the
ocean at a high angle relative to that at which an image is acquired.

!

26!

Fig. 12 Sun glint (area encircled in white) in this area proved difficult for delineating
both seagrass and sand shoal habitats.
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3. Results
3.1 Changes in the Areal Coverage of Seagrass Meadows and Sand Shoals Between
1996 - 2012
The area of seagrass cover in the study area decreased from 7.7 km2 in 1996 to 6.3
km2 in 2012, equating to a decline of 3.40% (Table 2). It should be noted that these
changes in coverage cannot be ascribed solely to natural factors. For instance,
examination of the remote sensing imagery shows a revetment to have been constructed
sometime after 1996, but prior to 2012, which served to decrease shallow marine habitat
by 4.7%. In the same period of observation, the area of seabed occupied by sand shoals
increased by 6.6%, from 7.2 km2 in 1996 to 7.8 km2 in 2012. (Table 3).
3.2 Changes in the Patchiness of Seagrass Meadows and Sand Shoals Between 1996 2012
Whereas the areal coverage of seagrass and sand shoals evolved according to an
inverse relationship between 1996 and 2012, their patchiness increased with both habitats
becoming more fragmented through time (Tables 2 and 3). The range of seagrass patch
areas from 1996 – 2012 is large, as might be expected given that seagrass meadows have
a propensity to form fragmented patchworks (Bostrom et al., 2006; Hernandez-Cruz et
al., 2006; Larkum et al., 2007; Smith et. al, 2008). This relationship, patch areafrequency, has been documented not only for seagrasses and sand shoals but many other
complex marine habitats (e.g. Purkis et. al, 2007). Patch area-frequency maps were
created in ArcMap in order to visualize the patchiness in space and time for both habitats
(Figs. 13 – 18). Cross-plots of patch size vs. patch frequency for seagrass meadows and
sand shoals also reveal changes in the relationship between these parameters through time
(Figs. 19 and 20, respectively).
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Table 2. Seagrass dataset for 1996 – 2012.

1996

Year
2006

2012

Number of Patches

153.0

329.0

338.0

Mean Patch Size (m2)

50634.6

15377.8

18540.6

Min. Patch Area (m2)

840.3

89.4

103.6

Max. Patch Area (m2)

932721.8

710312.9

1482902.7

Total Seagrass Area
(km2)

7.7

5.1

6.3

Total Seagrass Cover (%)

33.2

24.0

29.8

1996

Year
2006

2012

Number of Patches

113

104

190

Mean Patch Size (m2)

63561.8

79131.5

41300.3

Min. Patch Area (m2)

1104.1

432.4

210.8

Max. Patch Area (m2)

1110458.0

2798537.2

3313624.3

Total Sand Shoal Area
(km2)

7.2

8.2

7.8

Total Sand Shoal Cover
(%)

30.7

39.1

37.3

Table 3. Sand Shoal dataset for 1996 – 2012.
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Fig. 13 Seagrass patch area-frequency for 1996.
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Fig. 14 Seagrass patch area-frequency for 2006.
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Fig. 15 Seagrass patch area-frequency for 2012.
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Fig. 16 Sand Shoal patch-area frequency for 1996.
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Fig. 17 Sand Shoal patch-area frequency for 2006.
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Fig. 18 Sand Shoal patch-area frequency for 2012.
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Seagrass Patch-Area Frequency 1996 - 2012

Frequency of Occurence
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Fig. 19 Relationship between seagrass patch frequency and area for 1996 – 2016, where
black data points represent data from 1996, green for 2006 data and red for 2012 data.
The r2 values for the 1996, 2006 and 2012 data were .91, .94 and .89 respectively.
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Sand Shoal Patch-Area Frequency 1996 - 2012
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Fig. 20 Relationship between sand shoal patch frequency and area for 1996 – 2016,
where black data points represent data from 1996, green for 2006 data and red for 2012
data. The r2 values for the 1996, 2006 and 2012 data were .84, .84 and .94 respectively.

3.3 Changes in the Shape of Seagrass Meadows and Sand Shoals Between 1996 - 2012
By determining the complex shapes of individual patches within both habitats, it
is possible to detect how these shapes relate to the landscape through space and time.
In order to quantify the individual seagrass and sand shoal patches in this study, a shape
metric, compactness, was used. This metric scales according to how round or elongate the
examined shape is. Compactness is calculated by dividing the perimeter of a circle, which
has the same area as the patch, by the perimeter of the patch in question (Purkis et. al,
2007). The result is a number on a scale of 0 to 1, with the latter having a perfect circular
shape and 0 resulting in an elongated shape.
Cross-plots of the shapes of seagrass patches versus their area reveal that the
majority of small patches are round and become more elongate (closer to 0) as their area
increases (Fig. 21). The same inverse relationship is found when examining the crossplots of the shapes of sand shoal patches versus their area (Fig. 22). Additionally, only
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the largest patches occur in an elongated shape with values of compactness below 0.2 for
both habitats and throughout the entire time frame of the study.
Two instances occurred in which the construction of manmade structures
possibly promoted the growth of seagrass patches. In 1996, a large seagrass patch
(.45km2) is seen in the western portion of the study area and then in 2006 this patch
decreases in size (.31km2). In 2012 this same patch, which is now bordering the newly
constructed Khalifa Port from 2 years earlier, increases its area substantially (1.48km2) as
it is protected from offshore disturbance (Fig. 23). The second example is the revetment
to the west, constructed sometime after 1996, which resulted in a loss of habitat, but also
aided in stable growth for seagrass habitat after 2006 (Fig. 24).
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Fig. 21 Relation between 1996, 2006 and 2012 seagrass patch area and shape
(compactness), where values of 1 denote a perfect circle and values heading towards 0
indicate an elongated form. For all 3 time periods, the largest patches only occur in an
elongate shape.
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Fig. 22 Relation between 1996, 2006 and 2012 sand shoal patch area and shape
(compactness), where values of 1 denote a perfect circle and values heading towards 0
indicate an elongated form. For all 3 time periods, the largest patches only occur in an
elongate shape.
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Fig. 23 The 1996 imagery (a) shows a large seagrass patch (b) which decreases in size in
2006 (c), yet increases in size substantially in the 2012 data (d), only 2 years after the
construction of Khalifa Port in 2010. Compactness values are also noted to show that
even in the largest patches of the 16-year time period (1996 – 2012) can be described by
this method of determining shape.
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Fig. 24 The 1996 imagery (a) shows a large seagrass patch to the east (b) which
decreases in size in 2006 after the construction a jetty sometime after 1996 (c). However,
this same patch increases in size substantially in the 2012 data by combining with other
nearby patches (d). Compactness values are also noted to show that there are exceptions
to the general rule in which patches of smaller area should equal higher values of
compactness than those of larger areas.
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3.4 Patterns in the Lateral Migration of Seagrass Meadows and Sand Shoals Between
1996 - 2012
A combined color map of growth and contraction was created to help visualize
the combined net effect of habitat shifts for each time interval (Figs. 25 and 26).
Migration of the individual habitats were easily detected in these maps as any areas with
shades of green or blue indicated that the habitat had shifted over time away from that
space and into the new space denoted by shades of orange or red. The individual sand
shoals and seagrass patches had very similar patterns in their migration over time; the
northwestern portion of the habitat shows a green shade and the southeastern portion of
the habitat shows a red shade, therefore displaying the migration patterns of seagrasses
migrating in response to the encroaching sand shoals through time (Fig. 27). This same
pattern can be seen for both time frames and throughout the landscape.
Both seagrass and sand shoal habitats migrated over time and this was
documented from 1996-2006 and 2006-2012 (Table 4, 5). As the data is not capable of
showing results smaller than one pixel, migrations less than 10m were omitted as they did
not represent meaningful migrations. The range of distance in which a seagrass patch
migrated during the 12 years were very similar for the two time frames; in 1996-2006 the
range of migration was 10.65m – 142.09m and during 2006-2012 this range was 10.40m
– 140.75m. The average distance and direction migrated were also similar for the two
time frames; a distance of 39.99m in a southeastern direction in 1996-2006 was observed
as well in 2006-2012 the average was a distance of 39.65m and to the southeast (Fig 27).
However, migration was faster in 2006-2012 with a 6.61m average annual distance
compared to 4.0m average annual distances during 1996-2006.
The sand shoal migration patterns were comparable in direction to those of the
seagrass meadows. The range of distance in which a sand shoal migrated during 19962006 was 10.63 m –76.76 m and 10.00 m – 94.62 m from 2006 - 2012. The average
distance and direction a sand shoal migrated was also similar for the two time frames
with 32.01m in the east direction in 1996-2006 and 35.80m and to the southeast direction
in 2006-2012 (Fig 27). However, even though the second time frame was shorter, the
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average annual distance was almost double in 2006-2012 with a 5.97 m average annual
distance compared to only 3.20 m average annual distance migrated from 1996-2006.
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Fig. 25 Seagrass cover change maps where the largest areas of growth are indicated in
red and the largest areas of loss are indicated in blue. Areas that are outlined in black
reflect where seagrass did not change between the two time frames. (a) 1996 – 2006. (b)
2006 – 2012.
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Fig. 26 Sand shoal cover change maps where the largest areas of growth are indicated in
red and the largest areas of loss are indicated in blue. Areas that are outlined in black
reflect where sand shoals did not change between (a) 1996 – 2006 and (b) 2006 – 2012.
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Fig. 27 Both sand shoal and seagrass habitats migrate in the same manner for the 1996 –
2006 time frame as indicated by arrows pointing to the same area. Sand shoal habitat (a)
migrates in a southeastern direction (red shade) and into the direction of the nearby
seagrass patch. The seagrass patch (b) along this same sand shoal is migrating away
(green) in the same direction in response to the sand shoal habitat migration and can also
be seen shifting (red) on the opposite side so that it can maintain coverage.
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Table 4. Seagrass migration statistics for 1996-2006 and 2006-2012.
Time Frame
1996 - 2006
2006 - 2012
Average Distance

39.99m

39.65m

Average Direction

SE

SE

Average Annual Distance

3.99m

6.61m

Table 5. Sand Shoal migration statistics for 1996-2006 and 2006-2012.
Time Frame
1996 - 2006
2006 - 2012

!

Average Distance

32.01m

35.80m

Average Direction

E

SE

Average Annual Distance

3.2m

5.97m

49!

3.5 Angle of Migration vs Area Migrated for Seagrass Meadows and Sand Shoals
Migration direction was calculated as a function of total patch area for both
seagrass and sand shoal habitats. Due to the contiguous large shape of seagrass habitat,
and that multiple points were placed on a single polygon to track migration distance,
many of the polygons migrated in multiple directions during the same time frame. This is
only relevant as the same area data is counted multiple times for different directions.
However, for each direction the same polygon was not counted twice. In the period 1996
– 2006, the greatest number of patches by total area of seagrass moved towards the
southeast followed by the south (Fig. 28). From 2006 – 2012, seagrass patches migrated
in all directions with the largest migrations occurring to the south. The total area of sand
shoals migrated primarily to the southeast from 1996 – 2006, closely followed by
migration to the east (Fig. 29). Spanning 2006 - 2012, the largest migration of sand shoals
by total area occurred almost uniformly towards the south, southeast and east.
3.6 Angle of Migration vs Distance Migrated for Seagrass Meadows and Sand Shoals
Total migration distance was binned by direction for both habitats over the two
time periods (i.e., 1996 – 2006 and 2006 – 2012). The majority of seagrasses migrated
towards the southeast from 1996 – 2006 with an average distance of 51 m. Seagrasses
migrating in this direction were also the farthest during this time period with the longest
migration being 142.1 m (Fig. 30). The average distance for all migrations during 1996 –
2006 was 41.6 m. Seagrass patches also migrated the most frequently to the southeast
during 2006 – 2012, however the farthest distance was 79 m and the average distance was
37.7 m. The longest migration was to the north with a distance of 142.43 m. The majority
of migrations, however, were less than 80 m during 2006 – 2012 with an average of 40.3
m.
Sand shoals shifted less on average over both time periods than did the seagrass
patches. During 1996 – 2006 sand shoals migrated the farthest and most frequently
towards the southeast with the farthest being 76.8 m with an average of 32 m (Fig. 30).
The average distance migrated during this time period was 31.4 m. From 2006 – 2012,

!

50!

sand shoals also moved the farthest and most frequently to the southeast with the farthest
being 94.6 m. The average distance during this time period was 35.8 m.

Fig. 28 Seagrass migration from 1996 – 2006 and 2006 – 2012. Direction is on the x-axis
and total area is on the y-axis. N represents the total number of seagrass patches that
migrated in each direction.

Fig. 29 Sand shoal migration from 1996 – 2006 and 2006 – 2012. Direction is on the xaxis and total area is on the y-axis. N represents the total number of sand shoals that
migrated in each direction.
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Fig. 30 Seagrass migration from 1996 – 2006 (first row) and 2006 – 2012 (second row). The rose diagrams (a, c) illustrate the
counts of movements of individual patches of seagrass and sand shoals respectively that migrated in a specific direction by
distance. The compass plots (b, d) display actual distances in meters in each direction in which the concentric rings represent
distance in meters. A single arrow in each of the compass plots represents individual seagrass patches and sand shoals in the
dataset.
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4. Discussion
4.1 Dynamics of the Ras Ghanada Seagrass Habitat
In the considered time period, both sand shoals and seagrass meadows migrated
predominantly in a southeastern direction (Fig. 30). Prevailing northwest winds offshore
Abu Dhabi logically contribute to the southeastern movement of these habitats (Fig. 1a).
Seagrass meadows and sand shoals migrated at approximately the same pace over both
time periods. The total distance migrated for seagrass meadows and sand shoals from
1996-2006 was 3.99m and 3.20m, and from 2006-2012 was 6.61m and 5.97m
respectively (Table 4, 5). Despite the construction of the Khalifa Port during the period
examined, data do not indicate any radical decline of seagrass in the studies area. Minor
changes were observed, however. Over the entire study period of 1996 – 2012, the area of
seagrass cover off the coast of Ras Ghanada declined by a total of 3.4% while the cover
of sand shoals increased by 6.6% (Table 2, 3). However, many of the areas in which an
increase of sand shoals was detected were not previously inhabited by seagrass meadows.
More importantly, if the data was partitioned into pre- and post-Khalifa Port eras, there is
an increase in the areal coverage of seagrass post-port construction. Therefore, the natural
limiting factor for seagrass on the Ras Ghanada coastal shelf seems to be the fact that
they cannot inhabit the (mobile) crests of the sand shoals, but rather, are restricted to the
(more stable) sands of the shoal troughs. Hence, assemblage of hardy seagrass species
dominates the Ras Ghanada shelf as they have shown to be resistant to sedimentation by
sand shoals over time. For instance, in a study comparing mortality responses to varying
burial rates of sand shoals in Torres Strait, North Australia, H. ovalis reached mortality
quickly after only 2 cm yet this seagrass was able to recover quickly due to its fast
horizontal elongation rate (Daniell et al., 2008). Likewise, H. uninervis, which does have
a vertical rhizome, was able to withstand 16 cm burial for a period of over 10 months A
separate study in the northwest Mediterranean found that as soon as 6 months after the
burial by sand shoals occurred, seagrasses were able to start colonizing, giving them
ample time to regrow fully in order to have successful recolonization (Marba & Duarte,
1995).
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4.2 Construction of the Khalifa Port in 2010 Has Not Detrimentally Impacted Seagrass
Coverage Locally
Looking at the second time period of 2006 – 2012, a 5.8% increase in seagrass
cover was reported and 4.8% of this growth was produced directly along and in close
proximity to the Khalifa Port breakwater (Fig. 25). Again, due to this fact it shows that
that if the data were partitioned into pre- and post-Khalifa Port eras, there would be an
overall increase in the areal coverage of seagrass post-port construction. Although .07
km2 of seagrass was removed de facto as lay under the port footprint, there was an
increase of 1.01km2 in seagrass coverage in the area directly along the port (Fig 31, 32).
The construction of the port has served to stabilize the southwest precinct of the coastal
shelf. The port’s extensive breakwaters and revetments protect seagrasses from intense
wave energy, thus halting migration of sand shoals and increasing the available habitat
for seagrass meadows.
4.3 Broader Impacts of Coastal Development in Abu Dhabi
The idea of breakwater construction creating downstream habitat for new
colonization of seagrass is concurrent with other construction projects in the Arabian
Gulf. For instance, ~2 km2 of seagrasses colonized bare sand 2 years after construction of
the Palm Jumeirah commenced in 2006 just off the coast of Dubai according to the Shaun
Lenehan, the senior manager for the environmental department at the construction
company Nakheel (Skelton, 2008).
However, generally speaking construction usually leads to habitat loss with
further consequences appearing over time. For example, in this study during the first time
period from 1996 – 2006, a 9.2% decline in seagrass cover was reported offshore Ras
Ghanada. Part of this decline was due to a 4.7% loss of shallow marine habitat, as a result
of the construction of a jetty to the east sometime within the decade, which in turn led to
a 1.9% loss in seagrass coverage. With regards to the Palm Jumeirah in Dubai, it was
built on a former Marine protected sanctuary and many corals were transplanted in efforts
of mitigating environmental damages. According to Dr. Sale, one of the UN scientists
monitoring the Palm area, marine life returned to the area 3 years later in the form of 20
different species of rocky reefs, contrary to the 34 species found before construction.
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Another UN scientist on the project, unnamed, remarked that while some species would
benefit others would be harmed (Todorova, 2009). Some disruption can only be expected
with anthropogenic interferences in the marine environment as there is bound to be
detriment of some kind, however the scale of this can only be measured with time.
Furthermore, these effects should not be viewed as being on a singular scale but rather on
a cumulative one. For such a unique environment that is the small and shallow Arabian
Gulf, surrounded by oil-rich countries with a drive for developing coastlines for its
largely growing populations, a cumulative viewpoint is important for accessing the health
of Arabian Gulf marine ecosystems.
In this rare case however, due to the stabilization of the sedimentary system by
the Khalifa Port, as a result of the restriction of long-shore sediment transport, seagrass
habitats have benefited from coastal development off the coast of Ras Ghanada. While
this study only focused on seagrass change, there was bound to be detrimental effects to
the nearby offshore coral communities adjacent to the Khalifa Port. It will be a question
of time whether seagrasses will continue to flourish around these breakwaters or if they
will deteriorate. We can predict that if the Khalifa Port does not pollute the water column
and does not increase sediment stress, then seagrass coverage at Ras Ghanada should
continue to increase through time. The limiting factor for the success of seagrasses in this
area is sediment stability. Other critical habitats off the coast of Abu Dhabi include that
of coral reefs, although not considered by this study, which literature suggests is
declining (Riegl & Purkis, 2015; Riegl, Glynn et al., 2015; Warren et. al, 2016; Feary et
al., 2013; Riegl & Purkis, 2012; Riegl, Purkis, Al-Cibahy, Abdel-Moati, & HoeghGuldberg, 2011; Purkis, Renegar, & Riegl, 2011; Purkis & Riegl, 2005).
4.4 Importance of Seagrass as Critical Habitat in Abu Dhabi
Seagrass meadows are known to be important nursery habitat for many fish
species as well as food for dugongs and turtles (Sheppard et al., 2010; Bjork et al., 2008).
Other organisms such as shrimp and scallops that are commercially important also find
refuge in these habitats. Therefore, the increase in seagrass coverage is a positive
occurrence for the ecosystem as a whole. However, at this time it must be recognized that
this ecosystem has already been severely disrupted prior to the building of the Khalifa
!
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port, due to overfishing and other coastal impacts, so that there are no dugongs and very
few turtles that are able to take advantage of the increased habitat in the region.
4.5 Limitations of study
Our knowledge of seagrasses as a whole is very limited as the number of studies
in which are made in comparison to other marine habitats is minimal. Although remote
sensing has increased our knowledge of the distribution and coverage of seagrass
worldwide, it does not translate to seagrass biomass or diversity of the area. This can be
very important as often times seagrasses communities give way to a more successful
macro algae community under times of stress. Lastly, as this study only considers
seagrasses it does not give us a larger scope of the ecosystem health, such as a large area
of coral communities found in close proximity to the Khalifa Port. However, remote
sensing does portray broad-scale and meaningful patterns allowing us to further our
comprehension of coastal changes over time.
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Fig. 31 After construction of Khalifa Port’s breakwater in 2010, seagrass that was once in
2006 (green) retreats in 2012 for a total loss in coverage of .02 km2.

Fig. 32 Delineation of seagrass cover in 2006, where white outline denotes area of future
breakwater for Khalifa Port to be constructed in 2010. The area that lies below the
breakwater was habitat to .05 km2 of seagrass before construction began.

!
!

57!

!
!
5. Conclusion
Seagrass meadows offshore Ras Ghanada, as elsewhere, are an important
component to the ecosystem providing numerous benefits to both aquatic and human life.
Seagrass cover in this area is stable although the area has seen many changes from jetty
construction after 1996 to the east and that of the Khalifa Port in 2010 to the west. By
tracking the variations through time and space for both seagrass meadows and sand shoal
habitats it is apparent that the migration of the shoals are relevant to the seagrass
dynamics in the area. Seagrasses and sand shoals migrated primarily in the southeastern
direction and at approximately the same pace for both time periods studied. With the
construction and completion of the Khalifa Port in 2010, it became more palpable that
seagrass meadows prefer the more stable sands of shoal troughs rather than the mobile
crests. The changes of seagrass that occurred in this study occurred on a fairly rapid
timescale, in such that they were able to come back when there was disturbance as long
as they had available habitat to move into. Due to the port’s extensive breakwaters and
revetments halting the migration of sand shoals in the southwest precinct, seagrass
meadows were able to increase extensively into the newly available stable habitat.
Furthermore, although seagrass cover declined by 3.4% from 1996 – 2012, there was a
greater increase than decline in the areal coverage of seagrass post-Khalifa port
construction. If sediments offshore Ras Ghanada can remain stable and the waters are not
polluted by further construction, seagrasses should continue to thrive in the future.
Taking a cumulative viewpoint of the factors contributing to the health of Arabian
Gulf marine ecosystems is vital for furthering our comprehension of these important
habitats. By studying the changes that seagrasses undergo over time we can track not
only their specific success but also that of overall coastal health by identifying events of
stress to the area. Seagrasses are constantly changing as they are created due to a
combination of biotic and abiotic factors occurring simultaneously and on many levels.
They can be predictable and looking at this area in detail can help to describe what is
going on in other parts of the world or help better describe what is happening right in the
Arabian Gulf. With the use of more studies over time the better we will become to
helping protect not only the seagrass but the other ecosystems related to it such as the
already declining coral reef communities offshore Ras Ghanada.
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7. Appendix A
Code created in Matlab to aid in visualization of habitat migration through time.
A
coast_path = 'V:\Thesis\ArcGIS\Seagrass Images\';
[d1996,map] = imread([coast_path,'1996SG.tif']);
[d2006,map2] = imread([coast_path,'2006SG.tif']);
fullatmos = [coast_path,'2006SG.tif'];
atmosinfo= geotiffinfo(fullatmos);
[ATMOS Ratmos] = geotiffread(fullatmos);
[ATMOS, atmoscmap, atmoswrldf, atmosbbox] = geotiffread(fullatmos);
B
%make the subtraction%
decline = d2006 - d1996;
%duplicate matrixes
growth = decline;
%for decline, set growth to 0
decline( decline==-1 )=0;
%for growth, set decline to 0 and -1 to 1
growth( growth==1 )=0;
growth( growth==-1 )=1;
C
% create distance matrix for decline
seed65 = logical(imcomplement(d2006));
%puts 1's where edges are, and 0's elsewhere
seed65_edge = edge(seed65);
%creates distance matrix from detected edges of polygons
DistTransImdecline = bwdistgeodesic(logical(decline),seed65_edge,'quasi-euclidean');
%binary must be inverted
D
%create the figure and plot it
figure;
DistTransImdecline(DistTransImdecline>10) = 10;
imagesc(DistTransImdecline);
colormap([1 1 1 ;flipud(winter(10))]);
axis equal;
!
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countdecline = length(DistTransImdecline(:)) - length(find(isnan(DistTransImdecline))) length(find(DistTransImdecline==10));
%create the figure and plot it
figure;
imagesc(DistTransImgrowth);
colormap([1 1 1; autumn(10);]);
axis equal;
combined =DistTransImdecline;
mat_width = length(DistTransImgrowth(:,1));
for ii = 1:length(DistTransImgrowth(:,1)-1)
for ib = 1:length(DistTransImgrowth(1,:)-1)
if DistTransImgrowth(ii,ib) < 0
combined(ii,ib) = DistTransImgrowth(ii,ib);
end;
end;
end;
figure; hold on;
imagesc(combined); colormap([ 1 1 1; autumn(10);flipud(winter(10));]);
E
%get boundaries of polygons of 2006 for reference
[B,L,N,A] = bwboundaries(imcomplement(d2006),8);
for k = 1:length(B)
boundary = B{k};
plot(boundary(:,2), boundary(:,1), 'white', 'LineWidth', 1)
end
%get boundaries of polygons of 1996 for reference
[BO,LO,NO,AO] = bwboundaries(imcomplement(d1996),8);
for k = 1:length(BO)
boundary = BO{k};
plot(boundary(:,2), boundary(:,1), 'black', 'LineWidth', 1)
end
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